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INTRODUCTION
Ideally, a complete description of the interaction of high energy radiationwitha gas should identify all chemical species produced, determine the prodtiction efficiency for each, and consider the kinetics of all subsequent chemical reactions which ultimately lead to stable products. Oxygen radiolysis, in which the sole stable product is ozone, is int~resting for several reasons. First, the action of high energy protons on low pressure oxygen, which is the subject of the present study, simulates the effect of solar flare protons on the upper atmosphere. Second, the process has potential application in chemonuclear ozone production(l,Z). Third, oxygen radiolysis is especially simple for experiments utilizing on-line mass spectrometry, since only three species, 0, 0 2 , and 0 3 , are observable in the mass spectrum.
Finally, the rate constants of many of the homogeneous reactions involved in the overall process are well known, so that the unknown aspects of the radiolysis can be singled out for study.
Although oxygen radiolysis has been studied previously, the experiment described here differs in several respects from earlier experiments( 3 -9 l. In the present system, atomic oxygen is measured ·in addition to ozone. Both products are observed on-line simultaneous with irradiation. The chemical reactions take place concurrent with irradiation rather than afterwards, as in pulse radiolysis.
. 
A. Production and Measurement of the Proton Beam
The primary proton beam is produced by a 1 MeV Van de Graaff.
accelerator. The protons are deflected into the reaction tube by a bending magnet, which produces ·a mono-energetic beam.
One of the major problems in this work was to devise a method of introducing the proton beam into the reaction tube, where the gas pressure is several torr, from the accelerator tube where the pressure is 10-6 torr. Thin windows of aluminum, beryllium, carbon, and_formovar were tested but these failed quickly because of localized heating by the proton beam and atta~k of the hot spot by the reactant gas. Eventually, the differential pumping system shown in the lo.wer left hand corner of . Fig. 1 was developed. Two Channels (or collimators) 2. 5 mm in diameter and 10 em long separate the reaction tube from the accelerator. Each collimator is followed by .a vacuu;n pump. The basic idea was to sufficiently restrict the flow of the randomly moving reactant ga~ into the accelerator so as not to exceed allowable pres~ures there yet at. the same time not lose too much of the incident proton beam on the collimators. The collimator system which was devised satisfies the following criteria: (1) the pressure rise in the accelerator tube during the operation with 10 torr gas pressure in the reaction tube is approximately 10-6 torr; (2) the fraction of the total gas flow in the re~ction tube which is pumped ·.
_.; -3- off by the collimator system is small (<1/3); (3) not too latge a fraction of the available proton be~m is lost because of the twin collimator system. The maximum proton current obtainable. in the reaction tube is ~3 ~a at 0.9 MeV, which represents an order of· .
..
. magnitude loss in available beam.
The proton current at the far end of the reaction tube canrtot be measured during the experiments by a standard Faraday cup because the ions produc~d in the gas are collected and result in large, spurious currents. To surmount this problem, a modified
Faraday cup was constructed. The proton beam is stopped in a thick tantalum f~il (45 mg/cm 2 ) and the tantalum K X-rays produced by the interaction are monitored by a lead-shielded Ge(Li) detector.
The output of the detector is amplified, fed to a ratemeter and recorded. The proton detection system was calibrated by simultaneous measurement of the rat~meter output and the proton beam current (the Faraday cup was biased to prevent escape of secondary electrons) with the reaction tube under Vacuum. When gas is admitted to the reaction tube, there is a noticeable decrease in the detector output, due to either: (1) decrease in the X-ray yield per proton because of proton energy loss in the gas, or (l) loss of. protons to the walls. of the reaction tube by angular deflections resulting from the atomic collisions occuring between the beam and the gas.
Knowing the variation of the tantalum K X-ray yield with proton energy an~ the stopping power of protons in oxygen as a function of gas pressure, the decrease in detector response with increasing -4-zas pressure could be predicted. This prediction was in reasonably good agreement with the observed behavior of the detection system so that proton loss due to scattering by the gas is probably not significant in our experiments. A calculation shows that the rms radial displacement of the protons from the beam axis due to ,.
detected mass spectrometrically in the gas (detection limit "-2 ppm). 
where E 0 is the threshold energy for single ionization and s 65 is the value of B appropriate to an electron energy of 65 eV. Eq. (2) is valid in the rarige E 0~E $18 ~V.
The constants K and n in Eq. (2) were determined by measuring the increase in the total mass spectrometer signal . co; and 0+) as a function of electron energy when pure 0 2 was introduced into the ionizer. Using the experimentally determined value of n = 1.5 and Eq.(2), the ratio of instrumental constants for 17 eV electrons is ~elated to this ratio for 65 eV electrons by: assumed to be·unity because the comparable ratio 0/0 2 was found to be very close t6 one.
III. RESULTS
The In analyzing oxygen radiolysis by the complete model, the 10 differential equations for the 10 species in Table 2 were solved numerically with g 0 as an adjustable parameter.
The calculation of the chemical response of the system according to the full model described in the preceding paragraph proved to be time constiming even on a large digital computer. A great many runs were required to establish response trends as each of the experimental parameters was varied. For these reasons, a simplified model was constructed. This model was based upon the full model but was sufficiently streamlined that the differential equations were decoupled and could be solved analytically.
The major assumption required to reduce the full model to the simplified model is that neutralization of each o; ion, by whatever route, results in the net production of two neutral 0-atoms. It is also assumed that 0+ is neutralized by charge transfer to 0 2 (Reaction 1-1), so that each 0+ ion results in three neutral 0-atoms (i.g., one from 1-1 and two from I-6). Since the ion reactions occur on a much faster time scale than the neutral reactions, 0-atom production via this route appears to enhance the direct production; that is, atomic oxygen is produced as if with an "effective" g-value of:
g(O)eff = go + 2 go~ + 3 go+ = go+ 6 · 9
Order-of~magnitude considerations allow neutral reactions N-2, N-4, and N-5 to be neglected relative to N-1 and N-3; and the {5) differential equations for the concentrations of atomic oxygen and ozone are:
. . 2
Equations (6) and (7) The most likely error source· is the assumption that the mass spectrometer instrumental constant ratio a 0 1a 0 is equal to that have also observed.
-16-As a result of the error analysis, we have concluded that the discrepencies between the data and existing theor~tical models of oxygen radiolysis ar~ real and that the theory needs to be modified. The primary consideration in th~ formulation of a modifi~d kinetic model is that ozone should be produced very efficiently. Figure 4 shows that the ratio of However, g 0 * cannot increase indefinitely, since the energetics 2 . require an upper limit similar to that calculated previously for Although such behavior ~as not found in their investigation of the oxygen system, the lowest pressure they used was 30 Torr, substantially above the pressure range in the present work. The high yields . they observed were attributed to acceleration of secondary electrons in transient ~lectric fields which were assumed to result from the very high dose rates an~ consequently high charge density in their apparatus ("high" dose rates are considered to be rv1o 26 -1o 27 3 6) 16
eV/gm-sec( ' , as opposed to "low" dose ratesof ~10 eV/gm-sec used by other ~orkersC 9 l). On this basis, the dbse rates in the +Represents range covered by data at each pressure, not specific data points.
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